High sensitivity and high Q-factor nanoslotted parallel quadrabeam photonic crystal cavity for real-time and label-free sensing We experimentally demonstrate a label-free sensor based on nanoslotted parallel quadrabeam photonic crystal cavity (NPQC). The NPQC possesses both high sensitivity and high Q-factor. We achieved sensitivity (S) of 451 nm/refractive index unit and Q-factor >7000 in water at telecom wavelength range, featuring a sensor figure of merit >2000, an order of magnitude improvement over the previous photonic crystal sensors. In addition, we measured the streptavidin-biotin binding affinity and detected 10 ag/mL concentrated streptavidin in the phosphate buffered saline solution. Real-time and label-free sensors are powerful tools to study protein dynamics. The figure of merit (FOM) of these sensors can be defined as FOM ¼ S Á Q=k res , 1 where S ¼ Dk=Dn characterizes the shift of resonance ðDkÞ in response to the surrounding index change (Dn), k res is the cavity resonance wavelength, and Q is the quality factor. Over the past several years, significant research has focused on achieving higher sensitivities or higher Q-factors in chipintegrated label-free biosensors based on different optical resonators, 2-4 such as surface plasmon resonance (SPR), [5] [6] [7] interferometry, [8] [9] [10] and optical cavities. However, sensitivities (S) and quality factors (Q) have been trade-offs in label-free optical resonator sensors. For example, Lai et al.
22
demonstrated photonic crystal sensors with high Q-factors $7000. However, S was limited to $60 nm/RIU (refractive index unit), and FOM was $300. Wang et al.
32 demonstrated large S of 900 nm/RIU in a slot double-beam waveguides/ cavities. However, Q was limited to 700, and FOM was $400. In the previous work, 33 we proposed and designed nanoslotted parallel quadrabeam photonic crystal cavity (NPQC) that can remedy the fundamental trade-off between high sensitivity and high Q-factor in cavity sensors. In this Letter, we report an experiment demonstration of sensitivity (S) of 451 nm/RIU, and Q-factor of 7015 in water at telecom wavelength range. This features FOM of 2060, an order of magnitude improvement over the previous photonic crystal sensors. In addition, we also report the detection of protein (streptavidin) in ultra-low concentration (detection limit $10zM).
The NPQC devices used in this experiment were fabricated from silicon-on-insulator (SOI) with 220 nm device layer on a 2 lm thick buried oxide layer. First, electron beam (E-beam) lithography (Elionix ELS-7000) was performed using XR-1541 (6% HSQ) E-beam resist spun at 4000 rpm ($100 nm thick), followed by development in MF-319. Refractive ion etching of the exposed silicon region was performed with C 4 F 8 , SF 6 , and Ar gases. Then, a second E-beam lithography was performed with SU8-2002 E-beam resist to fabricate the input/output bus waveguides. 35 Last, to remove the XR-1542 E-beam resist on the sensor, an opening was defined by photolithography with S1818 photoresist. 7:1 buffered oxide etchant (BOE) was applied for 1 min, followed by rinsing in deionized (DI) water. Finally, photoresist was removed with acetone and IPA. Fig. 1 (a) shows the scanning electron microscope (SEM) images of NPQC. It consists of four parallel photonic crystal nanobeam cavities with nano-gap separations. As designed in Ref. 33 , gratings are in rectangular shape ( Fig. 1(a), inset) , the thickness of the cavity is 220 nm, the periodicity a ¼ 500 nm, the nanobeam width b ¼ 200 nm, the gap w between adjacent nanobeams is 100 nm, and the total width of the NPQC is 1.1 lm. The widths of the rectangular gratings are kept the same at 140 nm. The lengths of the gratings are quadratically tapered from cavity center w cen ¼ 300 nm to both sides w side ¼ 225 nm, 1 to i max ) . The final cavity structure is symmetric to its center, and on each side, there are 40 gratings (i max ¼ 40) in the Gaussian mirror region and an additional 20 segments on both ends. Fig. 1(b) shows the field profile. It is clearly seen that optical field is strongly localized in the slotted region.
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A schematic of the measurement setup is shown in Fig.  2(a) . Light from a tunable laser (Santec TSL-510) was coupled to the edge of the chip with an optical fiber (OZ optics) through a polarizer controller. The SU8 polymer waveguide couplers fabricated on-chip were designed to match the mode of the tapered fiber. 35 Thus, light was effectively coupled from the optical fiber in-to NPQC, and out-to a second fiber and to the detector. A microfluidic channel was fabricated with Polydimethylsiloxane (PDMS) by replica molding of a SU8 template, with dimensions 2 mm Â 100 lm Â 50 lm (length, width, and height). Two sub-millimeter diameter holes were punched into PDMS as inlet and outlet for sample delivery. As shown in Fig. 2(b) , microfluidic chip was held in place, on top of Si photonic chip, using home-made clamp. Figure 2(c) shows the experimental signal (top) and finite-difference time-domain simulation (FDTD) (bottom) of the NPQC immersed in DI water, respectively. The cavity has a resonance at 1536.30 nm, with Q factor of 7015, obtained from Lorentzian fitting (Fig.  2(c) ). The experimental Q is lower than its theoretical prediction (Q $ 10 6 at 1535.88 nm), primarily because of the water absorption at telecom wavelength range, surface roughness, and parameter discrepancy between the designed structure and final structure after Ebeam lithography and reactive ion etching processes. The water absorption will limit Q of the cavity to the order of 10 4 . 36 Prior to protein detection experiments, NPQC sensor was calibrated with liquids of known refraction indices to characterize its response to bulk refractive index change. Different concentrations of ethanol/water solution were injected into the microfluidic channel. Fig. 2(d) shows the resonance shifts as a function of the refractive indices controlled by different volume ratios of ethanol and water. The volume ratios (v/v) used in our measurement are 0% (DIwater), 10%, 20%, 30%, 40%, 50%, 60%, 80%, respectively. As seen from Fig. 2(d) , the dependence of the resonant shift on the refractive indices is linear and yields the experimental bulk refractive index sensitivity S ¼ Dk=Dn ¼ 451 nm=RIU, which is close to the FDTD simulation result (540 nm/RIU). Therefore, FOM is 2060. In addition, the sensitivity can be even increased by suspending the cavity off the substrate.
Next, NPQC sensor was used to detect streptavidin and quantify its affinity to biotin. The surface of the sensor was activated by oxygen plasma for 1 min, followed by a 10 min immersion in 95% aminopropyltriethoxysilane (APTES) in ethanol. The chip was then placed on a 80 C heater for 2 h. Then, PDMS microfluidic channel was assembled on top of the sensor chip using the home-made clamp (Fig. 2(b) ). Then, biotin in dimethylformamide (DMF) solution (1.0 mg/ml in DMF) was injected into the sensor chip with syringe pump. The chip was incubated for over 2 h, followed by flushing with phosphate buffered saline (PBS 1Â) before the sensor was ready to do streptavidin experiment.
Streptavidin of varying concentrations was prepared by serially diluting streptavidin from 100 pg/mL down to 1 ag/mL in 1Â PBS. The pure PBS solution was first injected by syringe pump (25 lL/min) into the sensor and a reference spectrum was taken as baseline. Streptavidin solutions were then injected from low-concentration to high-concentration. Measurements of the NPQC resonance were taken every 10 s, for 20 min, before the next concentration was introduced. In between two different concentrations, pure PBS solution was flushed for 4 min (PBS-wash). The resonance shift during the entire experiment is shown in real-time in Fig. 3 . The vertical dotted purple line represents the time when the next concentration of streptavidin solution or pure-PBS was injected. Distinctive resonance shifts occurred at concentration of 10 ag/mL-100 ag/mL. At higher concentrations, resonance wavelengths exhibit saturation, indicating that available biotin coated on the sensor surface has been fully captured by streptavidin. 27, 37 Inset of Fig. 3 shows the resonance shift vs. streptavidin concentration, both experiment data, and the fitting curve with Langmuir equation . This value is on the same order of magnitude with the streptavidin-biotin affinity measurement in water with microcavity, 34 but larger than the typical avidin-biotin affinity value (10 15 M
À1
). 28 We have repeatedly obtained this result with our sensors. Our hypothesis is that the difference is due to the effective concentration in the microfluidic channel being larger than the injected solution, or possibly due to the difference of streptavidin-biotin affinity in the macro-and micro-environment. Further studies on this issue is being carried out. The lowest detected concentration in our experiment was $200zM (10 ag/mL). The lowest detectable resonance shift can be derived from the fluctuation of the baseline in Fig. 3 ðdk $ 50pmÞ. Therefore, the detection limit of NPQC sensor is $10zM, calculated from K À1 a Á dk=ðdk max À dk). In summary, we experimentally demonstrated NPQC label-free sensor with high sensitivity (451 nm/RIU) and high Q-factor (7015) at the same time, improving the sensor FOM (2060) by an order of magnitude over the previous photonic crystal sensors. We also reported the detection of streptavidin at ultra-low concentrations (10 ag/mL). Furthermore, the photonic crystal cavities can be easily multiplexed on chip, forming networks, and achieving high-throughput screening applications. The SOI platform also opens the door to the costeffective mass production, highly promising for point-of-care medical diagnostics.
